Computational forecasting of arterial blockages in a virtual patient has the potential to provide the next generation of advanced clinical monitoring aids for stroke prevention. As a first step towards a physiologically realistic virtual patient, we have created a computer model investigating the effects of emboli (particles or gas bubbles) as they become lodged in the brain. Our model provides a framework for predicting the severity of microvascular obstruction by simulating fundamental interactions between emboli and the fractal geometry of the arterial tree through which they travel. The model vasculature consisted of a bifurcating fractal tree comprising over a million branches ranging between 1 mm and 12 µm in diameter. Motion of emboli through the tree was investigated using a Monte Carlo simulation to evaluate the effects of the embolus size, clearance time and embolization rate on the number and persistence of blocked arterioles. Our simulations reveal with striking clarity that the relationship between embolus properties and vascular obstruction is nonlinear. We observe a rapid change between free-flowing and severely blocked arteries at specific combinations of the embolus size and embolization rate. The model predicts distinct patterns of cerebral injury for solid and gaseous emboli which are consistent with clinical observations. Solid emboli are predicted to be responsible for focal persistent injuries, while fast-clearing gas emboli produce diffuse transient blockages similar to global hypoperfusion. The impact of solid emboli was found to be dramatically reduced by embolus fragmentation. Computer simulations of embolization provide a novel means of investigating the role of emboli in producing neurological injury and assessing effective strategies for stroke prevention.
Introduction
Cerebral embolization is a common cause of death and can have devastating consequences ranging from fatal stroke to neurocognitive decline. Although stroke has been studied for thousands of years, the relationship between embolization and cerebral injury is not well understood. In particular, the role of large numbers of emboli in producing small brain lesions and mild neurocognitive impairment through persistent obstruction of minor arteries remains unknown. In view of this lack of detailed information, we were inspired to embark on a new programme of research, which aims to simulate the motion of emboli through the cerebral vasculature. Our goal is to determine the consequences of differing forms of embolization with a view to creating the next generation of clinical monitoring aids for stroke prevention.
At a first glance, an investigation of the motion of emboli as they move through blood vessels of the brain could appear to be a conventional fluid dynamics problem. However, in a system as complex as the human cerebral arteries, application of the Navier-Stokes equation would not be a trivial task (since memory requirements and processing time would be enormous). Such an approach would also be severely limited, as can be inferred by thinking about the motion of a single embolus through the vessels of the brain. With so much branching in the vasculature, the specific trajectories of emboli would become exceptionally sensitive to their initial placement in the root vessel. The motion of emboli therefore resembles a chaotic problem, restricting even the most complicated models to making only probabilistic predictions. In the presence of several emboli, the effects of slight differences in initial starting conditions of the system will be magnified, while the computational effort will be further increased.
Clearly, a more imaginative approach is required. To this end, we have created a minimal model simulating the motion of emboli through a portion of the human cerebral vasculature. The purpose of our simulations is to investigate the relationship between embolization and the severity of embolic obstruction. In our model, the geometrical complexity of the cerebral arteries is represented by a fractal network of branching vessels with reducing diameter. The average statistical behaviour of the system is determined using a Monte Carlo simulation. The near-random nature of embolization, combined with chaotic overtones of the flow and potentially large numbers of emboli, means that this problem is ideally suited to the use of Monte Carlo simulations for calculating average statistical behaviour (Fishman 1995, Robert and Casella 2004 ). In our model, emboli move in a probabilistic manner until they become lodged in an artery of a similar size. Our approach provides a new framework for exploring the fundamental mechanisms underlying stroke.
The assumption of a bifurcating fractal tree is justified by the analysis of high-resolution images of the human cortex (Cassot et al 2006) . Recent breakthroughs in characterizing the detailed nature of the cerebral arteries using computer-aided microscopy make it possible to incorporate a simplified but realistic fractal description of the cerebral arteries into models investigating the regulation of blood flow, oxygen transport and embolization. High-resolution microscopy shows that the structure of the cerebral vasculature is fractal and that 94% of branches consist of bifurcations. A current weakness of our approach is the absence of collateral flow pathways. Introduction of additional pathways between branches would be expected to improve blood flow to end arterioles. Creation of a 3D anatomically realistic simulated vasculature, including collateral flow, is reserved for future work.
Autopsy and Doppler embolus detection studies show that large numbers of emboli are formed during diving decompression (Barak and Katz 2005) , cardiac surgery (Rodriguez et al 2005 , Moody et al 1990 , from mechanical heart valves (Georgiadis et al 2005) and following carotid surgery (Chung et al 2006) . Each of these clinical sources of emboli produces widely differing symptoms depending on the embolus size, composition and prevalence. Solid emboli (consisting of plaque or thrombus) usually form in a large artery, become detached and then travel through the blood stream until they become lodged in one of the smaller arteries supplying the cortex. In decompression sickness, large numbers of tiny gas bubbles form from gases that are normally dissolved in the blood (Barak and Katz 2005) . The aim of our model is to reproduce the effects of these varying clinical scenarios to provide a better understanding of mechanisms leading to the onset of stroke.
Our work and future extensions could have several advantages over current research techniques. Statistical physics simulations in a 'virtual patient' allow biological effects to be quantified in a way that would not be possible with human volunteers. For example, simulations allow investigation of the effects of near-fatal doses of emboli where little or no clinical data would normally be available. Another advantage of our approach is that carefully simulated models of the vasculature have a topology similar to arteries in the human brain, providing a cost-efficient, non-invasive and potentially superior alternative to animal experiments. Virtual patient models also have the potential to become a useful clinical tool for real-time interpretation of ultrasound embolus detection data and other physiological measurements. This would allow cerebral ischaemia to be forecasted and averted before irreversible brain injury has occurred, see figure 1.
Model and method
This study investigates the relationship between embolization and microvascular blockages by Monte Carlo simulation of the passage of emboli through a fractal tree representing a portion (a) The model microvascular network consisted of a bifurcating fractal tree. The final layer contained over one million arterioles, which were used to estimate the spatial extent and duration of vascular obstruction. The total cross-sectional areas of daughter vessels was slightly higher than that of parent vessels corresponding to a bifurcation exponent of β > 2. Probable paths of emboli through the tree were weighted according to the distribution of existing blockages. In the example above, the embolus at the root node has a higher probability of taking route B than route A, due to an existing blockage further distally from daughter A. (See methods section for more details.) Embolization leads to varying levels of cerebral ischaemia that can be characterized in terms of spatial distribution and duration (inset). The aim of our model was to reproduce this broad range of behaviours. (b) The diameter of the 'arteries' ranged between 1 mm (emerging from a major vessel) and 12 µm (end arterioles).
of the human vasculature. To be consistent with the dimensions of human arteries (Gabryś et al 2006 , Cassot et al 2006 , the model fractal circulation comprised over a million branches ranging in diameter between 1 mm and 12 µm, figure 2. Downstream from the terminal, 12 µm arterioles are capillaries with a mean diameter of approximately 6 µm and a 'net-like' structure. Upstream of the initial 1 mm branch are located the major arteries including the circle of Willis. To aid reproducibility, the exact values that we used for the artery diameters are shown in figure 2(b). Consistent with models of fluid flow through individual bifurcations, the ratio of diameters of daughter arteries to parent arteries increases with the level in the tree and is largest for the smallest arteries (Grizzi and Chiriva-Internati 2005, Karshafian et al 2003) . The vasculature intermediate between the major arteries and capillary bed was thought to be the most relevant for modelling the physiology of embolic stroke, as these vessels have dimensions similar to emboli formed in larger vessels (such as the aorta and common carotid artery) and limited collateral blood supply. Collateral flow in the mesh-like capillary bed minimises the effects of very small blockages, while obstruction of a major artery has widely differing consequences depending on individual anatomical variations in the circle of Willis.
Simulated emboli entering the fractal tree were assumed to dissolve at a constant rate in mm s
. This is consistent with spherical emboli dissolving proportionally to their surface area (see section 2.1). As the time taken for the body to process emboli such as atheroma and thrombus is not known, a nominal dissolve rate of 0.1 mm h −1 for solid emboli was chosen. This is the fastest rate at which a solid embolus may be expected to clear and can be considered as a best-case scenario (e.g. for dissolution of fresh thrombus emboli). Solid emboli formed from calcified components of plaque build-up detached from the inner walls of the arteries are likely to persist for much longer durations. Gas emboli were assumed to dissolve at 0.001 mm s −1 . This corresponds to a dissolve time of approximately 1 min for a 0.1 mm bubble and is consistent with the Epstein-Plesset equation for dissolution of small gas bubbles (Epstein and Plesset 1950) .
The relationship between embolus properties, and the duration and spatial extent of occlusion of terminal branches in the tree were investigated using a Monte Carlo simulation. Emboli were generated at random times with a probability determined by the average embolization rate. Sizes of emboli ranging between zero and a pre-set maximum value were selected using a pseudo-random number generator with a long period (Press et al 1998) . On each time step, emboli were allowed to move deeper into the tree, unless they became lodged in an artery or had dissolved.
Motion of emboli through the tree was weighted according to the distribution of existing blockages to simulate the redirection of blood flow in the region of an occlusion. An important consequence of weighted flow is that emboli are repelled from existing blockages-this effective interaction is a crucial feature making the model non-trivial. Clinically realistic embolus sizes and embolization rates were gained from the published literature and used as input parameters for the simulations. Results were compared with clinical observations and animal experiments. We now discuss the precise details of the model, algorithm and measurements.
Spherical embolus model
It is assumed that when an embolus dissolves, it is the surface area A that defines the rate of dissolution, i.e. the difference in volume V with time t. This rate equation may be written as dV /dt ∝ A. Noting that A = 4π r 2 , V = 4π r 3 /3 and dV/dt = 4π r 2 dr/dt, it can be seen that the spherical embolus model predicts a constant dissolve rate, i.e. dr/dt = constant. For real emboli, this picture may be complicated by, for example, an auto-immune response (Barak and Katz 2005) , but the emergent physics and thus the main predictions (in particular, the transition) should remain qualitatively similar. The units of the dissolution are set in mm s −1 by the size of the nodes in the tree, with each time step representing one second.
Simulation algorithm and implementation
(1) The tree is initialized with no emboli. (2) On any time step, an embolus may be created in the root node of the tree with probability P emb < 1. The created emboli follow a distribution of sizes P(d), where d is the diameter of the embolus. P(d) may have any form. In this study, a continuous flat distribution between 0 and d max was assumed.
(3) All end nodes are examined to determine if there is a blockage upstream. Where there is an embolus with a size greater than its node upstream, the end node is considered blocked. This determines the distribution of blockages which are to be used in the following steps. (4) At this stage, all the emboli are examined in sequence and move according to the following rules.
(a) If the embolus is larger than the current node, it cannot move and the simulation proceeds to examine the next embolus in the sequence. (b) If the embolus is smaller than the current node, then (i) The proportion of the tree that is blocked downstream from the embolus to the left (branch A) is determined from the distribution of blockages in step 3, and is assigned to the variable n A . The proportion of unblocked left branches, therefore, Once all emboli are examined, the algorithm continues to step 5. (5) All emboli dissolve proportionally to their surface area, leading to a linear reduction in radius during each time step. If an embolus has completely dissolved, it is removed from the simulation. (6) Observables are computed on each time step and averages are taken over those properties.
Calculated properties include the proportion of end arterioles that are compromised on each time step, temporal correlation (probability that a fluctuation away from equilibrium is still present some time later) and persistence (time taken for flow to return to an individual blocked node). (7) Iteration continues from step 2, until sufficient time steps have occurred to determine the average 'dynamic' equilibrium saturation of the system and the temporal correlation. Typically, an ensemble of 20-100 runs was computed for each set of parameters. Time correlators were calculated from a single ensemble, running for a large number of time steps to determine the equilibrium properties.
Typical runs took between a few minutes and a few hours on a 1.5 GHz Pentium 4 machine. The length of the run depends strongly on the number of particles in the system (there is a linear relationship between the run time and the number of emboli) and on the required level of accuracy (since the error on statistical averages scales as 1/ √ N , where N is the number of independent measurements). We implemented our algorithm in Java so that it would be portable between computer systems, and to allow for additional real-time graphical output in the future. We make extensive use of the object-oriented nature of the programming language when setting up nodes and emboli. This will allow the simulation to be easily extended. For example, we might want to introduce more accurate models for dissolving the emboli, or make use of results from computational fluid dynamics simulations to improve the probabilistic branching of emboli in the nodes. By using objects, this kind of extension can be implemented without major alteration to the basic algorithm.
Measurement
Average results and uncertainties relating to one standard deviation were obtained from ensembles of up to 100 Monte Carlo runs. For each set of parameters, the percentage of occluded end arteries was found to approximately follow the semi-empirical equation
T is the time taken to reach 50% of the final value ofP (t) at dynamic equilibrium (P eq ) and w describes the timescale associated with the transition. A time correlator can be computed from which the time scales of fluctuations away from equilibrium can be determined:
Normally, this correlator is normalized by G(0). The time correlator gives the probability that a fluctuation away from equilibrium is still present some time later, i.e. it gives the timescale for fluctuation. In this case, a fluctuation is an increase or decrease in the total blockage due to the introduction, removal or motion of an embolus. In the physics and modelling context, this correlator is very important since it unmasks the presence of a fundamental change of state. We also define the persistence here as the number of time steps that pass between a node becoming blocked and flow returning to that node.
Results
Our simulations assumed dissolve rates similar to those expected for solid and gaseous emboli and examined the effects of varying maximum embolus sizes and embolization rates. Results for solid emboli dissolving at 0.1 mm h −1 are presented in figure 3 . The colour scale indicates the percentage of occluded end arteries as a function of maximum embolus diameter, clearance time and duration of embolization. As emboli reach a critical density within the tree, their motion becomes strongly influenced by the presence of existing blockages. This leads to feedback processes producing a sudden transition from benign to severe levels of vascular obstruction at specific combinations of embolus size and embolization rate. Reducing the embolization rate was found to produce a more gradual onset of obstruction and to raise the critical threshold to larger embolus sizes and longer exposure times, as shown in figure 3 , panels (a)-(d). The time taken to reach the threshold for severe blockage of the tree varied from minutes to over an hour depending on the maximum embolus size and embolization rate.
The proportion of blocked end arteries for simulated gas bubbles dissolving at a nominal rate of 0.001 mm s −1 is presented in figure 4. Gas emboli did not produce severe blockages unless incident in high numbers. For continuous embolization of large numbers of gas bubbles, the onset of 'grid-lock' was extremely rapid and occurred within minutes from the commencement of embolization. This is much faster than that associated with similar levels of obstruction by solid emboli. A comparison of embolization rates producing similar levels of obstruction for solid and gas emboli (figures 3 and 4) suggests that the mean level of obstruction produced by solid emboli is roughly similar to that produced by a hundred times as many gas emboli of a similar size. Due to the higher number of emboli involved, clinically significant gas embolization is predicted to be associated with more diffuse and transient blockages than solid emboli, producing transient symptoms of sudden onset.
End arterioles where blood flow was absent were counted on each iteration to determine the rate of accumulation of blockages with time from the start of embolization,P (t). The number of blocked end arteries increased with time following the semi-empirical approximation (equation (1)), which is shown in figure 5(a) . Figure 3 . The average percentage of blocked end arteries, P(t), plotted as a function of maximum embolus diameter and duration of embolization reveals a well-defined threshold for accumulation of embolic blockages. Emboli were assumed to be solid, dissolving at a rate of 0.1 mm h −1 . Between each successive panel, embolization reduces by a factor of 10. This produces a more gradual onset of obstruction and raises the threshold to larger embolus sizes and longer exposure times.
(a) (b) Figure 4 . Simulation of gas bubbles (dissolving at 0.001 mm s −1 ). At low embolization rates, the impact of small bubbles was predicted to be negligible. Bubbles from mechanical heart valves (below the dashed line) were predicted to be benign.
The plateau in figure 5 (a) represents a state of dynamic equilibrium, where the flux of emboli entering the circulation matches the rate at which emboli are processed. Equilibrium levels are plotted as a function of the maximum embolus diameter for four embolization rates in figure 5(b) . From these curves, the critical threshold corresponding to 50% obstruction was determined as a function of maximum embolus diameter and embolization rate by fitting to a sigmoid function. Threshold values for solid and gaseous emboli, annotated with the duration of embolization required to reach the threshold, are provided in figure 5(c). We find that the relationship between the critical embolus diameter (d crit ) and critical embolization rate ( ) follows a power law:
C and m are constants associated with the dissolve rate of the embolus. For solid emboli, C = 0.10(6), m = 0.27(1). For gaseous emboli, C = 0.3, m = 0.3. Lines of extrapolation suggest that 20 µm gas bubbles would need to be incident at a rate of ∼10 000 emboli per sec to reach the threshold for severe occlusion. Another important property for predicting the severity of brain injury is the persistence of individual blockages. The functional ability of neurons is jeopardized within minutes of being deprived of oxygen. Over prolonged periods, this has the potential to lead to irreversible brain injury. Our simulations show that the average persistence of impaired circulation in individual end arterioles is considerably greater for solid emboli than for gas bubbles, see figure 5(d). Blockages of up to 10 min are observed even for relatively small (<0.2 mm) solid emboli. Figure 6 . Large solid emboli produce a higher level of obstruction than multiple smaller fragments with the same total volume. This suggests that breaking large emboli into smaller pieces (e.g. using therapeutic ultrasound) is an effective strategy for minimising embolic load.
Lastly, our simulations were used to evaluate whether a low prevalence of large emboli would produce different levels of obstruction compared to multiple fragments with the same total volume. This was intended to mimic the fragmentation of emboli and to investigate the accumulation of tiny pieces of embolic debris (e.g. following the destruction of emboli using therapeutic ultrasound). Example results are shown in figure 6 . Fragmentation of large emboli into pieces with diameters below the critical threshold diameter (d crit ) was found to dramatically reduce the overall obstruction levels. We note here that preliminary examination of the time correlator has shown that the characteristic timescale of fluctuations also decreased rapidly on fragmentation. This is also significant, because the physical meaning of the time correlator is that it gives the probability that a new blockage introduced into the system above the equilibrium value will still be in the system some characteristic time later. The decrease in correlation timescale indicates that the system is moving away from a critical point due to fragmentation. A full and detailed analysis of the time correlator and unambiguous identification of the existence of a critical point requires a finite size scaling which is beyond the scope of this paper.
Discussion
This work represents the first computational model of cerebral embolism and enables us to capture a glimpse of the fundamental interactions between emboli and the fractal arterial tree through which they travel. In large numbers, emboli are seen to behave as interacting particles, leading to feedback processes and near-critical behaviour. This is analogous to feedback processes associated with traffic congestion. As roads become more congested, drivers take diversions to avoid existing jams. At a critical density and flux of traffic, the system eventually becomes grid-locked.
Our simulations reveal that the relationship between embolus properties and vascular obstruction is highly nonlinear. During sustained embolization, emboli reach a critical density where their trajectories start to become influenced by the presence of other embolic blockages. These processes lead to a sudden change to high levels of vascular obstruction associated with the onset of stroke. Close to the transition, the system becomes exceptionally sensitive to embolus properties and embolization rates. This indicates that the onset of stroke could be a rare example of critical behaviour in the human body. We will undertake a detailed analysis in a future publication to determine if there is a true phase transition or just crossover behaviour.
Solid and gaseous emboli were found to produce different characteristic patterns and durations of blockages. Solid embolic blockages produce more focal and persistent obstruction of individual end arterioles than gas emboli. Average levels of obstruction were predicted to be several orders of magnitude greater for solid emboli than for gas emboli of a similar size. Even relatively small solid emboli produced focal ischaemia lasting several minutes, see figure 5(c). However, the average duration of embolization required to reach the critical threshold for solid emboli was relatively long (>1 h) which leaves time for clinical intervention. The onset of obstruction by gaseous emboli was extremely rapid (<5 min), but produced diffuse and transient blockages that were also fast to clear.
Previous clinical studies of embolization have tested for a statistically significant correlation between embolus prevalence and adverse clinical outcome (Abu Omar et al 2006 , Brown et al 2000 , Stroobant et al 2005 . This approach revealed a positive correlation during some stages of surgery, but in many clinical situations embolus prevalence was not found to provide a reliable indicator of stroke risk. Our simulations clearly reveal a nonlinear relationship between embolus properties and cerebrovascular blockages. Since embolization is a dynamic process, the rate of incidence of emboli on the arterial tree, and the sizes and compositions of emboli are crucially important for determining embolic burden. It is therefore not surprising that a straightforward correlation between the total number of emboli and stroke risk has proved elusive in clinical studies. Transcranial Doppler embolus detection techniques are currently being developed to automatically detect emboli and to classify embolus composition. This information has the potential to be incorporated into virtual patient simulations to provide a more realistic estimate of the potential impact of embolization during clinical monitoring. To the best of our knowledge, ours is the first model to describe the varied effects of embolization within a single theory. The next few paragraphs briefly discuss the implications and convergences of our findings with clinical observations.
A comparison with clinical observations
Simulations of solid emboli dissolving at 0.1 mm h −1 (shown in figure 3 ) are consistent with the Doppler ultrasound detection of emboli in the middle cerebral artery following carotid surgery. These cite >25 emboli in 10 min as a clinically relevant threshold above which patients benefit from pharmacological intervention (Lennard et al 1999 , Payne et al 2004 . This level of embolization matches the critical threshold expected to produce brain injury in our model. Our simulations verify that the rate of embolization is just as important as absolute embolus numbers for determining whether embolic load can be absorbed by the brain. In our model, even a small reduction in the embolization rate was predicted to produce a significant reduction in microvascular obstruction close to the threshold.
A second source of emboli can be found in patients fitted with mechanical heart valves. The valves generate a steady flux of small (<0.1 mm) gas bubbles, which rapidly redissolve into the blood (Barak and Katz 2005 , Georgiadis et al 2005 , Girod et al 2002 , Milo et al 2003 . Our simulations confirm that gas bubbles of <0.1 mm incident at 1 bubble s −1 dissolve too rapidly to give rise to cumulative obstruction, see figure 4. We conclude that bubbles from mechanical valves are largely benign.
Chronic or instantaneous exposure to very high numbers of gas emboli (e.g. experienced during diving decompression or during heart surgery with cardiopulmonary bypass) show potential to produce rapid transient blockages with significant persistence if sustained over long periods (Barak and Katz 2005 , Chilvers 1999 , Rodriguez et al 2005 , Stroobant et al 2005 , Abu Omar et al 2006 , Newman et al 2001 . Since gas emboli typically block individual end arterioles for less than 5 min, clinically significant levels of bubbles are associated with diffuse, transient arterial obstruction of sudden onset. Our findings show that sustained exposure to a high incidence of gas emboli would be required to result in persistent ischaemia, and that injuries would be more evenly distributed than those produced by solid emboli. Our simulations predict that diffuse injuries induced by prolonged exposure to high numbers of gas bubbles can be avoided by temporarily ceasing embolization to give the circulation sufficient time to process existing bubbles. This might involve warming the patient from hypothermia in stages to avoid sustained bubble formation from blood gases, use of a hyperbaric chamber or temporarily avoiding perfusionist interventions that produce excess bubbles.
During cardiovascular surgery, the cerebral circulation is often showered with a mixture of thousands of solid and gaseous emboli. Based on our results, we propose that neurocognitive decline, which is a common side-effect of cardiac surgery (Newman et al 2001) , is consistent with neuronal injuries induced by a chronic high incidence of small emboli with short lifetimes. This is predicted by our model to lead to a haemodynamically compromised state characterized by dynamic transient blockages and impaired blood flow. Over several hours on cardiopulmonary bypass, the microcirculation may become increasingly vulnerable due to impaired embolus clearance. Our model suggests that coexistence of solid and gas emboli will significantly enhance the severity of both patterns of injury.
To reduce the impact of solid emboli, we found that limiting the maximum size of emboli was far more effective than reducing the embolus prevalence, see figure 3 . This is because large emboli block proportionally more of the tree, producing localized ischaemia which takes longer to clear. Fragmentation, filtering, and improvements in embolus clearance are all predicted to be effective strategies for reducing embolic load to 'safe' (sub-threshold) levels during surgery.
Further work is being undertaken to adapt our model to input clinical observations from individual patients, and to assess whether computer simulations of embolization provide a better estimate of stroke risk than assessment of embolus prevalence alone.
A comparison with animal experiments
In previous studies, injection of animals with emboli has been found to induce dose dependent brain injury due to the accumulation of tiny (<100 µm) pieces of embolic debris (Rapp et al 2003 , Atochin et al 2004 . Our simulations confirm that occlusion is dose dependent, and reveal that intact emboli produce a greater impairment of blood flow than their individual fragments, figure 6. This shows that injury is dependent not only on the total volume of embolic material entering the brain, but also on the size range of the individual pieces relative to the arterial tree.
Implications for stroke prevention
A major application of our model lies in the theoretical investigation of effective strategies for stroke prevention. Since motion of emboli through the major arteries can be non-invasively detected using Doppler ultrasound, computational forecasting has the potential to become a useful clinical tool for interpretation of data during monitoring of patients. Increasingly sophisticated models can be used to predict the likely pattern and duration of impaired blood flow, allowing cerebral embolism to be forecasted and averted before irreversible brain injury has occurred, see figure 1.
Computer simulations enable controlled investigation of emboli-induced microvascular injury, but a current disadvantage is that models are not as detailed as their human counterparts. As computational and imaging techniques improve, we envisage that it will become possible to tailor models to mimic the neurophysiology of individual patients. More sophisticated models of the vasculature would incorporate collateral pathways, blood-flow parameters and autoregulatory responses.
Summary
Our findings show that embolus properties and dose of microemboli are all critically important in governing the pattern, severity and duration of vascular blockages. Feedback processes lead to a sudden switch to high levels of obstruction at specific combinations of embolus size, prevalence and clearance time. Timescales associated with the onset of stroke reflect embolus clearance times and embolization rates.
The results of our simulations were in broad agreement with clinical observations. We confirm that brain injury can be caused by large emboli, continuous embolization of bubbles or the gradual accumulation of embolic debris. A distinguishing feature is that different sources of emboli produce very different patterns of brain injury, becoming more transient and diffuse for emboli with short clearance times (e.g. gas bubbles), and focal and persistent for large or solid emboli. We found that blockages were more severe for large emboli, and that the system moved away from criticality as emboli were broken up. Solid embolic blockages occur with higher statistical variance than from gas bubbles due to the lower numbers of emboli involved. Chronic embolization (∼1 bubble s −1 ) of gas microemboli was predicted to be benign. This study represents the first virtual patient simulation to investigate the interplay between embolus properties and the cerebral vasculature. Statistical models of embolization have the potential to provide a clearer understanding of the fundamental mechanisms underlying embolic stroke and promise to become a versatile tool for forecasting responses to embolization during clinical monitoring.
